The characteristics of the wind noise radiated from vehicle windows of a passenger car depend on its shape, cruising speed, wind direction towards the vehicle and the natural wind condition. For these factors, the vehicle shape is the most important controllable factor. The exterior shape, which significantly affects the wind noise, is decided in the early design stage of the actual vehicle development process. A vehicle driver may be particularly annoyed at open-windows conditions. Thus, a measurement campaign has been carried out in order to characterize the aerodynamic noise generated by air flows through vehicle windows. Noise levels have been measured at the driver ears by varying vehicle speed and driver-side window opened area. Experimental results have shown that the noise is mainly depending on the following physical parameters: vehicle speed, car internal volume, and window open area that creates large pressure differences between the inside and outside of the car. The Light hill acoustic analogy is employed to estimate the far field wind noise
Introduction:
Noise refers to the unwanted sounds and vibrations and the noise generated by moving vehicles has many different sources. For example, noise of conventional passenger cars can be emitted from various places such as aerodynamic friction, engine vibrations, tire/road contact, engine acceleration, braking, horns and vehicle theft alarms, exhaust pipe, transmission box, and vehicle window opened area. Therefore, automobile aerodynamic and wind noise have received more attention in recent years [1] as a result of design improvements that reduce the sources of noise significantly and to increase operating speed for highway driving [2, 3] . Also, the automobile manufacturers have increased their efforts to design and build quieter cars, and reduce vehicle interior noise through addition of extra door seals and use of acoustic insulation package. Low noise emission engines and sound insulation cowlings make contribute to vehicle improvement.
The lowest noise level is produced from the rolling tyre and is contrasted by means of sound absorbing pavements and an appropriate design of tyre shape [1] . Exhaust noise, on the other hand, may be reduced by means of multi-stage passive mufflers and used catalytic. In addition, aerodynamic noise, which is particularly remarkable when vehicle windows are opened, may be reduced by peculiar vehicle shape design [3] . To counteract that, noise sources have to be reduced, noise transfer paths have to be damped even further, leaks have to be avoided, and sound insulation and absorption packages have to be more effective. The new environmental restrictions have positive impact on the fuel consumption, carbon dioxide emissions and vehicle interior noise.
The side windows of an automobile are especially important for the interior noise level and represent one of the major radiators of wind noise into the passenger compartment. In this paper, a measurement campaign has been led to evaluate the aerodynamic noise characteristics at different open-windows conditions and different vehicle velocities. Measurements are carried out in the region near the driver ears as it represents the most important place.
Aerodynamic and wind Noise
Aerodynamic noise is the noise caused by temporal fluctuations of airflow around the body of a moving automobile. On the other hand, wind noise, which varies from vehicle to vehicle, is created by the air flowing over the car and hitting protrusions such as rearview mirrors, roof racks, and driving with open windows. Wind noise is also controlled by the amount of sound insulation installed by the manufacturer. Meanwhile, the created noise, at certain speed, when driving with one side open window is different from that of the two side open window. When the vehicle travels at high speeds, fluctuations in the separation vortexes around the side-view mirror results in mirror surface vibration while the rear visibility is adversely affected.
A measurement method
Noise levels at different open windows conditions have been measured using a polo car as shown in Figure 1 . the used measurement microphone is IEC 61672: 2003 and this mandates the inclusion of an A-frequency-weighting filter and also describes other frequency weightings of 'C' and 'Z' (zero) frequency weightings. The older 'B' and 'D' frequency-weightings are now obsolete and are no longer described in the standard. The microphone is adjusted according to the following three conditions. First, position (a) is for slightly-downward street and gears set on neutral position. Second, position (b) is for insulating cowlings. Finally, position (c) is for silent tyres. Measurement microphone has been equipped with a windscreen protection and has been positioned near the windowside driver ear (see Figure 1) . Tests have been carried out for different driver-side window open area and vehicle velocity conditions
Experimental Results
Aerodynamic noise levels relative to different vehicle speed and window opening conditions are reported in Table 1 . It can be seen that the aerodynamic noise values increase with the vehicle speed and window opened area. The influence of vehicle speed on the total noise of the window beside driver is shown in Figures 2 and 3 . However the noise level increases with the increase of the vehicle speed, it also increases with the open area of the window, at certain speed. Figure 4 shows the variation of the noise level with the vehicle speed for window open area of 25 % and 100 %.
The maximum difference between the two conditions occurs at vehicle speed of 90 km/hr. Figure 5 illustrates the aerodynamic noise at complete closed and complete open window conditions. It can be seen that the maximum difference of the noise level lies between 8 to 12 db. 
